1. The inter-and intra-annual changes in the biomass, elemental (carbon (C), nitrogen (N) and phosphorus (P)) and taxonomical composition of the phytoplankton in a high mountain lake in Spain were studied during 3 years with different physical (¯uctuating hydrological regime) and chemical conditions. The importance of internal and external sources of P to the phytoplankton was estimated as the amount of P supplied via zooplankton recycling (internal) or through ice-melting and atmospheric deposition (external). 2. Inter-annual differences in phytoplankton biomass were associated with temperature and total dissolved phosphorus. In 1995, phytoplankton biomass was positively correlated with total dissolved phosphorus. In contrast, the negative relationship between zooplankton and seston biomass (direct predatory effects) and the positive relationship between zooplankton P excretion and phytoplankton biomass in 1997 (indirect P-recycling effects), reinforces the primary role of zooplankton in regulating the total biomass of phytoplankton but, at the same time, encouraging its growth via P-recycling. 3. Year-to-year variations in seston C : P and N : P ratios exceeded intra-annual variations. The C : P and N : P ratios were high in 1995, indicating strong P limitation. In contrast, in 1996 and 1997, these ratios were low during ice-out (C : P < 100 and N : P < 10) and increased markedly as the season progressed. Atmospheric P load to the lake was responsible for the decline in C : P and N : P ratios. 4. Intra-annual variations in zooplankton stoichiometry were more pronounced than the overall differences between 1995 and 1996. Thus, the zooplankton N : P ratio ranged from 6.9 to 40.1 (mean 21.4) in 1995, and from 10.4 to 42.2 (mean 24.9) in 1996. The zooplankton N : P ratio tended to be low after ice-out, when the zooplankton community was dominated by copepod nauplii, and high towards mid-and late-season, when these were replaced by copepodites and adults. 5. In 1995, the minimum demands for P of phytoplankton were satis®ed by ice-melting, atmospheric loading and zooplankton recycling over 100%. In order of importance, atmospheric inputs (> 1000%), zooplankton recycling (9±542%), and ice-melting processes (0.37±5.16%) satis®ed the minimum demand for P of phytoplankton during 1996 and 1997. Although the effect of external forces was rather sporadic and unpredictable in comparison with biologically driven recycle processes, both may affect phytoplankton structure and elemental composition. 6. We identi®ed three conceptual models representing the seasonal phosphorus¯ux among the major compartments of the pelagic zone. While ice-melting processes dominated the nutrient¯ow at the thaw, biologically driven processes such as zooplankton recycling became relevant as the season and zooplankton ontogeny progressed. The stochastic nature of P inputs associated with atmospheric events can promote rapid transitional changes between a community limited by internal recycling and one regulated by external load. 7. The elemental composition of the zooplankton explains changes in phytoplankton taxonomic and elemental composition. The elemental negative balance (seston N : P < zooplankton N : P, low N : P recycled) during the thaw, would promote a community dominated by species with a high demand for P (Cryptophyceae). The shift to an elemental positive balance (seston N : P > zooplankton N : P, high N : P recycled) in mid-season would skew the N : P ratio of the recycled nutrients, favouring dominance by chrysophytes. The return to negative balance, as a consequence of the ontogenetic increase in zooplankton N : P ratio and the external P inputs towards the end of the ice-free season, could alleviate the limitation of P and account for the appearance of other phytoplankton classes (Chlorophyceae or Dinophyceae).
Introduction
Several studies have shown that physical (water temperature and turbulence) and meteorological (¯uctuating hydrological regime and atmospheric deposition) factors can alter the intensity of vertical water column mixing and/or modify the amount of limiting nutrients available for phytoplankton in the euphotic layer during the growing season (Reynolds, 1984) . The association between the external loading of limiting nutrients and phytoplankton abundance and growth is well established (Vollenweider, 1976; Goldman, 1981) . Long-term studies in single lakes have provided direct clues to the effect of climate and weather on the productivity of the lakes, but the proposed mechanisms mediating this linkage differ drastically between lakes (Goldman, Jasby & Powell, 1989) .
Simultaneously, biological factors affecting interannual variation in ecosystems include food-web mediated processes that alter processes such as primary productivity and nutrient recycling via the indirect effects of coupled predator±prey interactions (Elser et al., 1994; Carrillo et al., 1995) . As the initial evidence that changes in food web structure can alter the relative availability of nitrogen (N) and phosphorus (P) (Elser et al., 1988) , numerous studies have dealt with consumer-driven nutrient recycling in lakes.
Thus, stoichiometry can account for the unexpected effects that alterations in the food web can exert on nitrogen and phosphorus availability (Sterner, Elser & Hessen, 1992; Elser et al., 1998) . The mechanisms by which consumer±prey interactions alter N and P availability are also beginning to be elucidated (Sterner et al., 1992; Elser et al., 1996) . When zooplankton assemblages are dominated by taxa having low body N : P ratios (such as Daphnia; Andersen & Hessen, 1991) phytoplankton growth is more probable to be limited by P because NH 4 + is disproportionately recycled by Daphnia (Elser et al., 1994) . Conversely, zooplankton assemblages dominated by animals with high body N : P ratio (such as calanoid copepods) disproportionately release P (Carrillo, Reche & CruzPizarro, 1996a) , increasing potential N limitation in the algal community. Therefore, the body N : P ratio is critical for understanding nutrient cycling in ecosystems, as it directly determines the relative amount of limiting nutrients recycled by consumers. Besides, this ratio can in turn tip the competitive balance in favour of the taxa best suited to the supply regime, thereby altering the elemental and taxonomical composition of the autotrophic community (Carrillo et al., 1995 (Carrillo et al., , 1996a .
The aim of the present study was (1) to identify the main factors explaining the inter-and intraannual variability in phytoplanktonic biomass and (2) to explore the relative importance of the limiting nutrient sources to phytoplankton by evaluating the amount of P supplied internally through zooplankton recycling or externally through ice-melting and atmospheric deposition. At the same time, we asked whether stoichiometric differences between consumer and prey may help to explain phytoplankton seasonal elemental composition and taxonomical shifts. For this purpose, we determined the elemental composition of the zooplankton (> 40 lm) and seston (1± 40 lm) for 3 years of¯uctuating abiotic and biological conditions in a mountain lake.
Methods

Study site
La Caldera is a 2-ha lake, in a glacial cirque on siliceous bedrock in the Sierra Nevada mountains (S Spain; 36°55¢±37°15¢N, 2°31¢±3°40¢W, altitude 3050 m). There are no visible inlets or outlets and the lake lacks littoral vegetation and ®sh. Hydrological loading and evaporation were responsible for the water level¯uctuations between years, with a decline in the maximum depth from 12 to 1.4 m between 1975 and 1995, followed by a return to the maximum depth of 14 m in 1996 (Fig. 1) .
The growing season usually extends from late June to the end of October. External inputs of nutrients occur with the thaw (Reche, 1995; Carrillo et al., 1996a) , but are also associated with massive depositions of dust from the Sahara desert (Carrillo, CruzPizarro & Morales-Baquero, 1990 ) that often contain high levels of P (Talbot et al., 1986; Morales-Baquero et al., 1999) . The balance between algae production supported by new and regenerated sources of P shifts as the season advances, towards dominance by biological regeneration processes (Reche, Carrillo & 
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Cruz-Pizarro, 1997). Previous studies on the lake have revealed strong P limitation of autotrophic production (e.g. Carrillo et al., 1995; Reche et al., 1997) .
Field sampling
Sampling was conducted over the entire ice-free period, from late May to early November in 1995 and from July to early November in 1996 and 1997. A total of 25 samples in 1995, 14 in 1996 and 16 in 1997 were taken. Sampling was conducted every 7±10 days and temperature pro®les were measured (YSI meter) on each sample date. The chemical and biological samples were taken with a Van Dorn sampler at the deepest point of the lake and sampling depth varied from two (0.5 and 1 m) in 1995 to four (0.5, 5, 8 and 10.5 m) in 1996 and 1997. Subsamples (three replicates per depth) of lake water were collected for total phosphorus (TP) and total nitrogen (TN) and, after ®l-tration through 0.45-lm disposable ®lters (Sartorius), for total dissolved phosphorus (TDP), soluble reactive phosphorus (SRP), total dissolved nitrogen (TDN), nitrate (NO A 50-mL aliquot from the phytoplankton was counted at 1000´magni®cation using an inverted microscope. For every sample, 20 cells of each species were measured by image analysis (Quantimet 500; Leica, Solms, Germany) to estimate cell volume which was converted to carbon (C) units using a factor of 150 fg C lm ±3 (Vadstein et al., 1988) . Spectrophotometric chlorophyll a determinations, corrected for phaeopigments, were made after ®ltration of 3 L of lake water and a 24-h cold-pigment extraction (Whatman GF/C; Whatman, Maidstone, U.K.) in 90% acetone (Jeffrey & Humphrey, 1975) . The samples of zooplankton were obtained with a Van Dorn sampler after sieving 12 L through a net of 40-lm mesh size and immediately preserving the zooplankton in 4% formaldehyde. All samples were counted under an inverted microscope at 100´mag-ni®cation. For each sample, 20 individuals of every developmental stage of Mixodiaptomus laciniatus Lilljeborg and of other species present were measured for length by image analysis (Quantimet 500). Biomass determinations were calculated by using standard length±mass relationships (Botrell et al., 1976) except for M. laciniatus, where speci®c length±weight relationships were developed (Villar-Argaiz, 1999) .
The chemical characteristics of zooplankton were measured on animals taken in qualitative vertical hauls (40-lm mesh net). The elemental composition of seston was based on material in mixed-layer water samples (see depths above), ®ltered through a 40-lm mesh to remove zooplankton, and brought cold and dark to the laboratory within 3 h. This material was then passed through a 1.0-lm ®lter (GF/B Whatman) at low pressure (< 100 mmHg) where the seston was retained.
Faecal pellets from copepods which had fed in situ were collected in 1997, where animals were allowed to defaecate for 2 h in cubitainers ®lled with lake water. A 200-lm screen isolated animals from a compartment where faecal pellets were sedimented by gravity on a 10-lm mesh after release (for more details on the cubitainer, see Cowie & Hedges, 1996) . This procedure was repeated 15 times throughout the entire icefree period of 1997.
Chemical analyses
Samples for inorganic nutrients were analysed on the same day as collection and samples for total and dissolved N and P were persulphate oxidized and analysed within 48 h. NO ) 2 was analysed via the sulphanilamide method, NO ) 3 using chromatographic analyses, NH + 4 via the phenol±hypochlorite method and SRP via the acid molybdate technique (APHA, 1992; MOLAR, 1999) . Water samples were analysed for TDN and TN by the ultraviolet spectrophotometric screening method and for TDP and TP colorimetrically via acid molybdate technique (APHA, 1992; MOLAR, 1999) .
Samples for seston nutrient determinations were collected on precombusted (24 h at 550°C) glass±®bre ®lters (GF/B Whatman, about 1.0-lm porosity). Filtered material was immediately analysed for P or dried and stored in a desiccator until analysis for C and N. Particulate C and N on ®lters were determined using a Perkin-Elmer model 2400 elemental analyser and particulate P was determined by persulphate oxidation followed by the acid molybdate technique (APHA, 1992) .
Zooplankton samples were diluted in the laboratory to 5 L with GF/F ®ltered lake water in 1995 and 1996. After vigorous agitation to ensure homogeneous distribution, six subsamples were taken and concentrated on GF/C ®lters for P and C±N and dry weight determinations. Three replicates were used for the analysis of P. The remaining subsamples were collected onto preweighed and precombusted (1 h/550°C) GF/C ®lters, and reweighed after 24 h at 60°C for dry mass estimation (Mettler UMT2 microbalance; Mettler, Toledo, OH, U.S.A.). Filters with animals were analysed for C, N and P with the same methods used for seston. The dry weight for the zooplankton P samples was assumed to be the same as that for C and N samples, as the same volume with organisms was ®ltered at both determinations.
The elemental content of the main zooplankton species, M. laciniatus, was estimated in 1997. Net haul samples were brought to the laboratory, where individuals were identi®ed, measured and sorted under the microscope to instar, and C, N, P and dry weight determined. Three replicates for elemental analysis were prepared by placing 15±40 animals (depending on body size) in preweighed aluminium boats for C and N determinations or in Pyrex bottles for P determination. Aluminium boats were reweighed after 24 h at 60°C, and maintained in a desiccator until CNH analyses. Samples were analysed with the same methods used for bulk zooplankton. Blanks and standards were carried out for all procedures. A hypothetical zooplankton N : P ratio in 1997, assuming the zooplankton community was entirely composed of M. laciniatus (84% of total zooplankton biomass), was calculated as a biomass-weighted mean:
where N : P i is the mean N : P ratio for each developmental stage i of M. laciniatus and DW i is the mean weighted dry mass of each stage i on the sample date. The water in the faecal pellet cubitainer was carefully siphoned out at the laboratory and the 10-lm pore-size mesh containing the faecal pellets drawn out and washed with twice-distilled water into a Petri dish. Faecal pellets were individually picked under a microscope and DW, C, N, P assessed following the same procedure used for zooplankton. From 25 to 75 faecal pellets per sample were analysed for P and C/N.
Estimation of external inputs of P Wet deposition
Atmospheric wet precipitation and snow depth during winter were obtained from the average data of six meteorological stations, located at similar altitudes, and close to the top of the mountains (highest altitude 3482 m) and the lake. Precipitation samples were recorded daily in 0.45´0.45 m precipitation collectors, except for the winter when a collector adapted for snowfall was used.
The load of nutrients, and particularly of P, through atmospheric deposition (atmospheric P input) were inferred as the difference in the total dissolved phosphorus in the water column on the sample dates before and after a wetfall.
Hydrology
The changes in the surface area of the lake were recorded from aerial photographs. These data, in combination with a bathymetric map, were used to calculate the volume of the lake by trapezoidal integration over depth at the start of the ice-out period for the 3 years of the study (SURFER 5.02, Golden Software, Colorado, U.S.A.). The catchment area and the average snow depth were used to estimate the potential contribution of nutrients in snow and ice to the P-budget of La Caldera (ice/snow P input). Because not all nutrients contained in the snow might enter the lake, the calculations of P-inputs by this means were probably overestimates. The siliceous bedrock and the lack of soil make groundwater input negligible to the chemical budget of the lake. The average P content of the ice/snow overlaying the lake before ice-break, and from different snow patches at the catchment area after lake ice-out, was recorded on ®ve sampling dates in 1995, on 11 in 1996 and on 8 in 1997. We estimated the P content (TP) of the ice/snow as the average of the P contained on samples at the surface and a depth of 15 cm. The contribution of ice-melting to the P-budget of the lake was evaluated assuming a single input of P calculated for all the ice/snow in the catchment to the lake.
Estimation of internal P recycling
Calculation of the P excreted by zooplankton The in situ rate of supply of P by zooplankton (SRR) was estimated by ®tting the allometric model developed by Carrillo, Reche & Cruz-Pizarro (1996b) for this lake, when the zooplankton community was dominated by the calanoid copepod M. laciniatus. This relationship (P < 0.001) is expressed in terms of the mean size (MS) of zooplankton as:
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By measuring the P content in the faecal pellets of copepods during 1997, we aimed to evaluate the fraction of P not readily available to algae (Nakashima & Leggett, 1980) after assuming conservative faecal pellet production of 1 faecal pellet ind Butler & Dam, 1994) .
Evaluation of the minimum demand of phytoplankton for P Minimum-P requirements for phytoplankton were obtained from primary production values and seston C : P ratios for the 3 years of the study. Primary production was measured with the 14 C technique (Steemann-Nielsen, 1952) . To calculate the percentage of algal demand for P that could be met by zooplankton, ice-melting or atmospheric loading processes, the P available from these sources was divided by the minimum-P requirements and multiplied by 100.
Stoichiometric analysis of the phytoplankton±zooplankton interface
The application of elemental stoichiometric theory (sensu Sterner, 1990 ) allows for the prediction of the N : P supply ratio (s) given the N : P ratio of the animal (b) and that of its food (f):
where L is the maximum accumulation ef®ciency (0.9) for either N or P. Based on the shortage of P at this lake, as indicated by the DIN : TP ratio of > 40 largely higher than the threshold of 12 by Morris & Lewis (1988) , it appeared reasonable to set a maximum accumulation ef®ciency of nearly 1 for this element. Accumulation ef®ciency was assumed to be the same for both elements. The elemental imbalance, as de®ned by Sterner et al. (1996) was calculated as seston N : P minus zooplankton N : P ratio, so that a positive balance occurs when seston N : P > zooplankton N : P and a negative balance when the inequality is reversed.
Statistical analyses
Differences between the mean physical, chemical and biological variables for the 3 years of the study period (see Table 1 for variables) were tested with the nonparametric Kruskal±Wallis test.
To evaluate underlying mechanisms to explain the magnitude of seston biomass, we ran a multiple regression to predict seston biomass as a function of several potential predictors: temperature, TDP, DIN : TP ratio, zooplankton biomass and zooplankton P-excretion. Data were log 10 transformed prior to regression analyses in order to achieve normality and to linearize their relationship. The ridge method (Hoerl, 1962) for estimating regression coef®cients was used when multicolinearity among the independent variable was found.
Results
Physical and chemical parameters
The loss of volume (depth) in lake La Caldera was a consequence of the most severe drought for the last *P < 0.05, **P < 0.01, ***P < 0.001. Table 1) . The lake was warm in 1995, but water temperature signi®cantly decreased subsequently (Table 1) , coinciding with the increase in the water volume and the shortening of the ice-free periods. An increase in water transparency was also observed in 1996 and 1997, largely as a result of an increase in the lake volume and the reduction of the suspended sediment.
Biological parameters
Phytoplankton biomass and taxonomic composition The phytoplankton community was quite simple and consisted of nanoplankton species, typical of oligotrophic systems (Rott, 1984; Carrillo et al., 1995) . During the drought year of 1995 immediately after thaw and until early June (days 139±168; Fig. 2 ), Chrysophyceae (Chromulina nevadensis Sa Ânchez-Castillo and Ochromonas sp.) was the main algal group (> 80% of phytoplankton biomass), but the phytoplankton community became dominated by non-¯agellated Chlorophyceae (Chlorella sp.) after this date. In late August (day 243), phytoplankton density was the highest (> 75 600 cells mL
) and a Cyanophyceae (Cyanarcus sp.) accounted for more than 40% of the total biomass. By the end of the ice-free period (days 271 on), phytoplankton abundance decreased sharply (< 4000 cells mL )1 ) and Chlorella sp., Cyclotella sp. and Ochromonas sp. dominated the autotrophic community. Other species, some of benthic origin, were also represented (e.g. Amphidinium sp., Navicula sp., ®lamentous green algae Spirogyra sp., etc.). The phytoplankton community was dominated by Chromulina nevadensis for the entire ice-free period in 1996 (Fig. 2) , and from thaw to late August in 1997 (days 184±239; Fig. 2 ), when it was replaced by Chlorella sp. Phytoplankton reached its maximum density and biomass immediately after the precipitation events of days 246 and 254 in 1996: ca. 32 000 cells mL )1 and > 68 lg C L )1
, respectively (mean values for the water column). Both Chrysophyceae and Chlorophyceae reached low densities in 1997 (ca. 12 000 cells mL )1 ), but comprised of > 80%
and > 60% of the total algal biomass, respectively (Fig. 2) . Therefore, inter-annual changes in phytoplankton biomass were strong, as indicated by the two-fold increase in biomass in 1996 compared with 1995. This increase coincided with a major decrease in zooplankton biomass, leading to a phytoplankton to zooplankton biomass ratio > 13 (Table 1) . Generally, highest values of algal abundance and biomass were reached after an input of nutrients from the atmosphere associated with a precipitation event.
Zooplankton biomass and taxonomic composition Copepods dominated the zooplankton community in all 3 years, with the species Mixodiaptomus laciniatus comprising of 60, 92 and 89% of total abundance, respectively. Although, rotifers, and particularly Hexarthra bulgarica Wiszniewsky averaged only about 10% of the zooplankton biomass in 1995, it occasionally represented up to 85% of total zooplankton abundance (day 207). Major differences in the zooplankton community were associated not with taxonomic shifts but with speci®c species abundance. During 1995, in contrast to the following 2 years, M. laciniatus developed a bivoltine cycle with two hatching events that resulted in two peaks of nauplii in May±June (days 139±179) and August±September (days 235±271; Fig. 2 ). Nauplii contributed all the zooplankton biomass until mid-August in 1996 (day 225) (except for the ®rst sampling date with overwintering copepods) and dominated the zooplankton community until late July in 1997 (day 211), when juveniles started to dominate (Fig. 2) .
Seasonal changes in zooplankton biomass (mean values for the water column) ranged from 5.7 to 386.3 lg DW L )1 in 1995, from 0.01 to 27.81 lg DW L )1 in 1996 and from 12 to 88 lg DW L )1 in 1997.
Maximum zooplankton biomass was reached during the ®rst half of September in 1996 (day 254) and
Inter-and intra-annual variability in phytoplankton 1023 during mid-late August in 1995 and 1997 (days 211 and 239, respectively), coinciding with their maximum abundance (Fig. 2) . Other zooplankton species such as Daphnia pulicaria Hrbace Âk, Hexarthra bulgarica, Diaptomus cyaneus Gurney or Acanthocyclops vernalis Fisher were scarce throughout.
Seston and zooplankton elemental composition
All C : N : P ratios in this study are given by atoms. Seston C : P and N : P ratios were generally higher in 1995 than in 1996 or 1997. For example, C : P ratio was > 300 throughout most of the season in 1995, but remained under 300 in 1996 and 1997 (Fig. 3) . Moreover, while seston C : P and N : P ratios did not exhibit any seasonal pattern in 1995, these ratios showed a similar trend in 1996 and 1997 ( Fig. 3) : at the start of the sampling season these ratios were low (N : P < 16 and C : P < 100) but increased towards a mid-season maximum (day 246 in 1996 and day 233 in 1997) that drastically declined immediately after atmospheric deposition events (day 254 in 1996 and day 247 in 1997; Fig. 4b ). The N : P ratio of zooplankton varied somewhat but with mean ratios not differing signi®cantly (P > 0.05; t-test) between 1995 and 1996 (Fig. 3) . Speci®cally, mean zooplankton N : P ratio was 22.6 (ranged 6.9± 40.1) in 1995 and 24.9 (10.4±42.2) in 1996 (Fig. 3) . In addition, while it varied erratically in 1995, the ratio was clearly associated with the ontogenetic development of zooplankton during 1996. Thus, the presence of nauplii after thaw to mid-August 1996 yielded a mean N : P ratio of 12.5 2.2 (days 219±232), whereas the subsequent dominance of juveniles and adults of M. laciniatus resulted in an increase over two-fold in this ratio (mean N : P 29.6 6.4; days 239±307 in Fig. 3 ). In summary, zooplankton stoichiometry showed limited inter-annual but large intra-annual variation. Table 2 shows the potential factors that may account for the inter-and intra-annual variability in phytoplankton biomass. Considering the entire study period, temperature (P < 0.01) and TDP (P < 0.01) were related to algal biomass (Table 2 ). Within years, there was a signi®cant relationship between phytoplankton biomass and TDP in 1995 (P < 0.01). While no relationship was found in 1996, phytoplankton biomass was negatively correlated to zooplankton biomass and positively to zooplankton P-excretion in 1997 (all P > 0.05).
Controls of phytoplankton biomass
External versus internal sources of P
In order to explore the relative importance of external and internal sources of P to phytoplankton biomass and elemental content, we investigated the phosphorus supplied by ice/snow melting, atmospheric inputs and zooplankton excretion and whether it could account for phytoplankton biomass and dynamics. Snowfall could play a crucial role in the plankton dynamics of this lake. In this respect, the timing of ice-out varied between years and, while it occurred relatively early in 1995 (day 132), it was delayed for more than a month in the two exceptionally wet years. On the other hand, the accumulated snow not only affected the potential total amount of nutrients that could enter the lake but also the hydrological loading. Because of the changes in the volume and, consequently, in the surface area of the lake, the ratio of the drainage basin area to the lake surface area changed from 47.0 in 1995 to 7.3 in 1996 and 1997 (Table 1) . We estimated the ice/snow P input as 0.15 lg P L )1 in 1995, 0.017 lg P L )1 in 1996 and 0.014 lg P L )1 in 1997 (values are given as ®nal concentration of dissolved P per volume of lake water). Variation in the magnitude and timing of Saharan atmospheric inputs (red rains) was clearly observed during our study. Meanwhile, moderate atmospheric P inputs, associated with wet precipitation events, of 3.9 and 1.4 lg L )1 were detected in 1995 and 1997, respectively, and a massive P input (23.2 lg L )1 ) occurred during the ®rst week of September in 1996 (day 246) (Table 3) . According to the P-excretion model of Carrillo et al. (1996b) , gross release rate of zooplankton changed markedly between dates and years, from (Table 3) .
Satisfying the demand of phytoplankton for P
The percentage of the algal demand for P that was satis®ed by ice-melting ranged 220±749% in 1995, but reached maxima of only about 5 and < 2% in 1996 and 1997, respectively (Table 3) . Although the amount of snow potentially contributing to the nutrient input was much higher in 1996 and 1997 than in 1995 (Table 1) , the volume of lake water in which these nutrients were diluted was more than 50 times higher in 1996 and 1997 than in 1995 (Table 1) . In spite of the unpredictable and sporadic nature of atmospheric inputs, their contribution of P to the algae community was consistently above the minimum P requirements for algae and temporarily mitigated the severe shortage. Thus, the moderate inputs in 1995 and 1997 exceeded the daily demand for P by 1000% (1511 and 1010%, respectively), while the extremely large P input in 1996 greatly exceeded this value (Table 3 ). In fact, we observed that P atmospheric (Fig. 4) was responsible for the major decrease in the N : P and C : P ratios of the seston fraction (Fig. 3) . In addition, the changes in these ratios were coincident with major shifts in the composition of the phytoplankton (Fig. 2) . Speci®cally, the three major precipitation events during 1995 (days 172, 207 and 257; Fig. 4a ) had a corresponding effect in the decrease of the chrysophyte populations and the increase of mainly chlorophytes within a week (see arrows in Fig. 2) . A major precipitation event in 1996 (days 246 and 254; Fig. 4b ) had a similar though more pronounced effect, resulting in dominance by dino¯agellates (mainly Amphidinium sp.) (arrows in Fig. 2) . Similarly, major precipitation events in 1997 Table 2 Results of the regression model between sestonic biomass (lg C L )1 ) and the independent variables mean water temperature, total dissolved phosphorus, DIN:TP ratio, total zooplankton biomass and P-excretion by zooplankton for 3 years in Lake La Caldera (data were analysed separately for every year and together for all the study period) Values given are b coef®cients. P-values for coef®cients are shown with asterisks; *P < 0.05; **P < 0.01; ***P < 0.001. The colinearity between variables was assessed with a ridge regression. For k-values between 0 and 0.1 or higher, b coef®cients remained unchanged. Table 3 Summary of the percentage of algal demand for P satis®ed externally (by thaw and atmospheric inputs) and internally (by zooplankton recycling) differentiating between early, mid-and late-season periods, when the dominance of zooplankton corresponded to nauplii, copepodites and adults, respectively. The minimum demands for P by algae were calculated from gross primary production rates (data from Villar-Argaiz, 1999) and seston C : P ratios (data from this study). The coef®cient between the available P throughout the internal and external sources and the minimum P algae demands yielded the percentage of algae demands satis®ed (see Methods). Data are averages for the water column (days 217 and 239; Fig. 4c ) coincided with a major shift towards the dominance of a chlorophyte, Chlorella sp. (arrows in Fig. 2) . The comparison between the P available for algae from release by zooplankton and algal requirements showed that this recycling could provide on average between 261 and 934% in 1995, between 8.9 and 87.1% in 1996 and between 278 and 542% in 1997 (Table 3) . Overall, the lowest gross release rates of P were found in July (days 199±211), coinciding with nauplii appearance, and the highest from August to early November (days 217±307), when the zooplankton biomass was the greatest and dominated by copepodites and adults of M. laciniatus. In addition, the lowest percentage of phytoplankton demands for P met by zooplankton (< 100%) occurred in 1996 (Table 3) , when the biomass of zooplankton was extremely low (Fig. 2) .
Stoichiometric aspects of the zooplankton± phytoplankton interaction
A comparison between the N : P ratios of phytoplankton and zooplankton was made in order to explore whether consumer processes could signi®-cantly contribute to algal nutrient limitation and succession in this lake. Seston N : P ratio¯uctuated widely and exceeded that of the zooplankton (positive imbalance) in 16 out of 25 weeks in 1995, in 7 out of 12 in 1996 and in 6 out of 16 occasions in 1997 (Figs 3 & 5) . The observed imbalance between both ratios, would have theoretically skewed the recycled N : P ratio (s), either amplifying or mitigating P limitation (Sterner et al., 1996) . Meanwhile, s showed a fairly chaotic distribution in 1995 (Fig. 5a ), it followed a more de®nite pattern in 1996 and 1997, with values below b and f at thaw and towards the end of the ice-free period (after an atmospheric input event), and above b and f for the periods immediately after thaw and coinciding with early copepodite dominance (Fig. 5b,c) .
Discussion
Inter-and intra-annual variability in seston biomass
The results of the regression analyses to explain interannual variability in the biomass of lake seston con®rmed previous studies that physical forces, like temperature and P-availability, are crucial to phytoplankton development in La Caldera (Carrillo et al., 1996a) . Interestingly, these relationships differ between years. Thus, the relationship between seston biomass and TDP in 1995, plus the high seston C : P and N : P ratios during this year, suggest a strong limitation of seston by P. The absence of any relationship in 1996 may have resulted from the overlapping effect of different variables in a year that we considered transitional in the recovery of the lake to conditions prevailing before the drought, mainly zooplankton densities. The negative relationship between zooplankton and seston biomass (direct predatory effects) and the positive relationship between zooplankton-P excretion and seston biomass in 1997 (indirect P-recycling effects), reinforces the primary role of zooplankton in regulating total seston biomass but, at the same time, fuelling its growth via P recycling (Lehman, 1980) . These effects may be particularly important in lakes that share with La Caldera zooplankton communities largely dominated by zooplankters with low somatic demands for P, such as the calanoid copepods.
Estimation of P-supply to the phytoplankton
There is presently considerable controversy about variation in the patterns of nutrient limitation and the sources of the nutrients for phytoplankton growth. Some studies have highlighted inter-annual and interlake variation, and algal blooms resulting primarily from external processes (Reynolds, 1984; Jassby et al., 1994) , and particularly from snowfall and total precipitation (Goldman et al., 1989) . Other studies in more eutrophic systems have proclaimed that the effects of stochastic events, such as climatic forces, are of negligible in¯uence for phytoplankton growth or succession (Schaffer, 1985; Sarnelle, 1993) . More recently, based on data covering a wide trophic Fig. 5 Representation of the theoretical N : P recycled (s) as a function of the N : P ratios in the grazer's food (f) and in the zooplankton (b) as calculated from the recycling model of Sterner (1990 Sterner ( ) for (a) 1995 Sterner ( , (b) 1996 Sterner ( and (c) 1997 . Zooplankton N : P ratio for 1997 was calculated as a weighted mean average from stage abundance and N : P ratio (see Methods). An accumulation ef®ciency (L) of 0.9 was assumed for N and P. Accumulated (sample to sample date) precipitation (L m )2 ) is shown along the top axes.
gradient, Hudson, Taylor & Schindler (1999) con®rmed that the P supply for lake plankton comes primarily from immediately within the plankton community, rather than from external loading. The load of nutrients at thaw accounted for a minor proportion of phytoplankton P demands, except for the dry year of 1995 (Table 3) . Regardless of the potential uncertainty in the estimation of the P input associated with snow entering the lake at thaw, we will have overestimated these inputs as we assumed that all P contained in the snow of the catchment entered the lake.
As discussed by Elser et al. (1994) for a subalpine lake, the potential nutrient limitation of phytoplankton growth occurred rapidly within 1±4 days of ice-out. It was then that the growing zooplankton population proved to be an important source of nutrients to the phytoplankton. Our estimated excretion rates closely resembled those established for zooplankton groups dominated by calanoids and oligotrophic systems (Larow, Wilkinson & Kumar, 1975) and those determined experimentally by Carrillo et al. (1996b) for this system. During mid-summer, major nutrient inputs to the lake were not detected and thus, zooplankton P release was probably the major source of P to phytoplankton. The relatively low contribution of zooplankton to algal demands during 1996 was merely the result of the extremely low zooplankton abundance. Nevertheless, by giving more weight and generality to the conditions of the lake in 1997, when zooplankton density returned to normal (Carrillo et al., 1995 (Carrillo et al., , 1996a , we can speculate that the zooplankton contributes to suf®cient P to exceed the minimum of algae demand, thereby reinforcing the primary role of herbivores in regulating phytoplankton composition and growth (Lehman, 1980; Hudson et al., 1999) .
Because of the importance of zooplankton excretion and the sporadic atmospheric inputs, both exceeding demand of the phytoplankton for P (Table 3) , an interplay between autogenic processes (recycling) and external loads may exist. While the former sustains phytoplankton biomass throughout most of the season, the latter has an in¯uence limited to some conspicuous episodes. In lakes like La Caldera, however, highly susceptible to atmospheric deposition because of its proximity to the Sahara desert, such events are important in the succession trends of algae. A ®nal factor that makes La Caldera, as in other similar lakes (e.g. Lake Tahoe; Jassby, Goldman & Reutor, 1995) , a prime candidate for in¯uence by the atmosphere was the low ratio of catchment area to lake surface area in 1996 and 1997, which in turn in¯uenced the ratio of runoff to precipitation directly on the lake (Morales-Baquero et al., 1999) .
A simple scheme may enable us to represent the relative signi®cance of the factors involved in the P budget of Lake La Caldera, that may hold in other systems similarly subject to external meteorological forces (Fig. 6) . A diagrammatic seasonal model represents major processes affecting the sources of P and recycling in La Caldera. While total P supply, mainly from the thaw, determines phytoplankton nutrient status and initial growth at ice-out (Fig. 6a) , it is during the early summer that recycling processes acquire special relevance as a source of P for the phytoplankton (Fig. 6b) . The stochastic nature of the loading of P from the atmosphere can promote rapid transitions from a biologically controlled community to an event where nutrients are in excess and recycling loses relevance (Fig. 6c) .
Stoichiometric implications of the consumer±prey interface
If algal dominance and succession depend on the ratio of certain key elements (Tilman, 1982; Kilham & Kilham, 1984) not only regeneration by the zooplankton and atmospheric external inputs, but also the N : P ratio of the zooplankton, can affect the N and P availability to phytoplankton, playing a key role in structuring phytoplankton communities (Kilham & Tilman, 1975; Caraco, Cole & Likens, 1992) .
Our results for the seston C : N : P ratios cover the full range of variation found for lakes of different trophic status by Kreeger et al. (1997) and did not appreciably differ from other studies using similar methods (Behrendt, 1990; Hecky, Campbell & Hendzel, 1993) . The N : P ratio of seston in La Caldera was more variable than that of zooplankton (Figs 3 & 5) .
The N : P ratio of zooplankton in 1995 and 1996 closely corresponded to values given for other calanoid copepods in freshwater sites (Andersen & Hessen, 1991; Hessen, Andersen & Faafeng, 1992) . Similarly, the within year differences in the N : P ratio that we found for zooplankton in 1996 are in agreement with the suggestions of Elser et al. (1996) for copepods from protein : RNA evidence (Dagg & Littlepage, 1972) .
Our study provides evidence that intra-annual variability in zooplankton N : P ratios exceeds that between years. Although, different zooplankton species and stages clearly posses their own elemental composition (Hessen & Lyche, 1991; Elser et al., 1996) , the elemental pool in zooplankton composition uctuates inter-annually only within narrow limits. Consequences for the ecosystem would range from the relative uniformity in the N : P recycled regime between years but with wide seasonal differences, to being the ultimate cause of species success at particular sites.
The scenarios for the qualitative effects of the zooplankton and the external loads in the P availability to algae can clearly be visualized in our lake for the years of dominance by the copepod M. laciniatus (1996 and 1997) following the nomenclature by Sterner et al. (1996) . During the thaw, seston had a low N : P ratio as determined by the surplus of nutrients derived from the ice-out processes. The relatively lower N : P ratio of seston (f) compared to that of zooplankton (b) (negative balance) would yield an even lower N : P recycled (s), and thus b > f > s (Fig. 5b,c) . This circumstance, plus reduced grazing pressure, would account for the rapid establishment of, at the thaw, a phytoplankton community (Sa Ânchez-Castillo, CruzPizarro & Carrillo, 1989; Carrillo et al., 1995) dominated by cryptophyceae in 1996 and by large Ochromonas sp. in 1997 (Fig. 2) .
As the in¯uence of the initial nutrient load at thaw ceased, nutrients soon became depleted, the relationship between the N : P ratio of phytoplankton and Fig. 6 Simpli®ed scheme of the major P cycling routes in the pelagic zone of La Caldera at (a) ice-melting, (b) in a biologically driven community and (c) after an atmospheric input. Boxes for TDP and phytoplankton are scaled to maximum zooplankton compartment sizes (lg P L )1 ) and arrow thickness is proportional to¯ows (lg P L )1 day )1
). P ingestion rates were estimated from Reche, 1995) for this system at similar conditions, P recycling rates from the model of Carrillo et al. (1996b) , and P-release via faecal pellet from this study. PHY, phytoplankton; ZOO, zooplankton (nauplii excluded); NAU, nauplii.
